Body mass index (BMI) has been extensively used to define and classify obesity. This paper proposes the use of BMI to also define the limits of human survival to starvation. Females appear to be able to withstand starvation to much lower values of BMI compared to males. This may be partly due to the the greater amount of adipose tissue in women and the preferential use of fat rather than lean tissue as fuel during starvation. These gender-specific fuel mobilisation patterns during starvation may provide evolutionary advantages to the females.
18.5 were classified as normal and below 16 as grade III CED. Although BMI alone was used to classify CED at the two extremes, it was combined with BMR values to define various degrees of grades I and II CED. The paper also proposed that a BMI of 12 may be the absolute lower limit compatible with life. A considerable body of information exists on the relationship between BMI and health in affluent societies (Keys 1980; Garrow 1981; James 1984; Waaler 1984) ; but much of the discussion has centred around the range and the upper limits of BMI compatible with health. In contrast, less attention has been focused on the relationship between being underweight (low BMI) and health. The aim of this article is to determine (to borrow a term from engineers), the inbuilt safety factor of the human machine, using weight and height as indicators of body size.
Use of the body mass index (BMI)
In 1870, Quetelet, a Belgian astronomer, showed that bodyweight (in kilograms) divided by the square of height (in metres) (W/H 2 ) was the measurement least biased by height. Today the Quetelet index is often referred to as the 'body mass index' (BMI). Several researchers have used the BMI (Special Report 1985; Vague et al. 1988) , to classify obesity or to show a rela-
Introduction
Human body size may be surveyed from three standpoints: (i) measurement of height or stature (which is one-dimensional); (ii) measurement of surface area (which is two-dimensional), and (iii) measurement of ponderal growth or weight (which is three-dimensional). Of the three, weight and height measurements are widely used to quantify the dynamic state of human growth. Although the assessment of body size has been extensively used to describe nutritional status quantitatively in children (Waterlow 1972) there is little information about its use in defining the lower limits of human survival in adults. James et al. (1988) attempted to define chronic energy deficiency (CED) in adults in terms of their body mass index (BMI) and basal metabolic rate (BMR). This novel approach based its definition of CED on specific physiological criteria rather than the socioeconomic status of the individual. The authors proposed three cutoff points based on the BMI: 18.5, 17 and 16. Subjects with a BMI above tionship between BMI and health in affluent societies (Garrow 1981; Waaler 1984) . Garrow (1981) has proposed the following classification of obesity according to the BMI. It should be acknowledged that the scheme is based more on the need for simplicity than on scientifically determined cutoff points:
Significantly, the range 20-25 is the value associated with minimum mortality. The mortality risk rises steeply with a BMI greater than 30. Although the range and upper limits of BMI compatible with health have been extensively examined, less attention has been focused on using the BMI in undernourished or underweight subjects and on its ability to predict mortality risks in people suffering from food restriction. In the first part of this report, the lower range of BMI is examined, and it is demonstrated that BMI (as a proxy for body size) may be successfully used to define the lower limits of human survival.
Starvation as a model for determining the lower limits of BMI
At times in history and prehistory, human populations have experienced starvation and famine; the metabolic and physiological adaptations of individuals undergoing starvation have fascinated scientists for over a century. However, knowledge of the biology of starvation in humans is still imperfect owing to the great difficulty of obtaining reliable data from subjects undergoing severe food deprivation. In the past 50 years alone, millions have died in famines or as a result of policies of genocide. These situations do not generally lend themselves to scientific investigation. Ideas about the metabolic changes in starvation, particularly total starvation, are derived largely from a few experimental studies of fasting, dating from the early 20th century (Table 1) , and from a large and recent body of work on therapeutic fasting in grossly obese subjects and its effects on metabolism ( Table 2 ). Much of the work presented here comes from an analysis of the literature, and it must be remembered that death by starvation limits the amount of information available. It is stressed that the investigation is concerned specifically with total food restriction or deprivation, not semistarvation (although data on individuals having ad libitum intake of water are included).
Human survival during total starvation
The antiquity of the habit of voluntary fasting by humans is well documented, although the reasons have been many and varied. A major reason is religious belief, another is therapy, hoping to gain relief from a variety Stewart (1973) of ailments ranging from gout to lunacy (Benedict 1915) . Some have fasted for fame and pecuniary gain, the most notable among them being Succi, an Italian professional faster who in the late 19th century made repeated fasts. Fasting attracted the attention of the 19th-century physiologists, and Table 1 gives a summary of the studies performed in the 19th and early 20th centuries. The early studies were not elaborate, being confined to measurements of the loss of bodyweight, urinary nitrogen and chlorides. In all of these, nitrogen loss in the urine and weight loss received by far the greatest attention. In 1915, Benedict published his monumental work, A Study of Prolonged Fasting, which investigated for the first time not only the gross physiological changes during fasting, but also the metabolic and psychological changes. The book is a classic, and to date, no other study on complete fasting can match its meticulous detail. However, although Benedict's study was a detailed one, it described only one subject and thus was of limited use in making any comparative observations in humans. In contrast to this study, the little-known work by the Japanese investigator Takahira (1925) provides an indepth study of fasting in a group of five Japanese subjects of varying bodyweight. This document, along with other studies collated from the literature, provides useful information on the variability and limits of survival during starvation. Starvation studies may therefore be a useful model to use in the quest to understand the lower limits of BMI that are compatible with life. Table 3 shows a compilation of values from the literature of subjects undergoing total starvation in 'normal' weight subjects. The maximum recorded value for total starvation is 43 days for a subject with BMI 22.5. In contrast, in grossly obese subjects (Table 2) the maximum recorded length of total starvation is 382 days.
Having established some guidelines on the duration of starvation in normal weight and obese subjects, the BMI below which death ensues may now be examined. Normal weight subjects in the following categories: (1) subjects who died from starvation (2) subjects who died from famines; and (3) subjects who died from anorexia nervosa, have been taken from the literature and considered. Tables 4 and 5 show the BMI in males and females who died from starvation, and Figs. 1 and 2 illustrate Mean ± SD 38.6 ± 3.0 1.70 ± 0.06 13.3 ± 0.95 -this graphically. Despite the diversity of sources, the data of Table 4 show a remarkable consistency. In males, a BMI of around 13 appears to be fatal. The coefficient of variation (CV) of the BMI is 8.7%. In contrast, in females a lower BMI, of around 11, was found to be fatal, while the CV of BMI in females showed a greater variability (14%). From these two figures, a mean BMI of 12 as the lower limit for survival emerges, a value first proposed by James et al. (1988) . Although the figures presented here lend general support to the initial proposal to set a BMI of 12 as the lower limit, the clear sex difference in the lower limit of BMI may need to be considered further. This sex difference is further exemplified by examining Tables 4 and 6 . A mean BMI of 13 (Table 4) is fatal in males, whereas a mean BMI of 13 in females with anorexia nervosa (Table 6 ) appears to be nonfatal. Indeed, several female subjects had BMIs as low as 9, 10 and 11. Admittedly, patients with anorexia are perhaps not comparable with individuals with chronic energy deficiency. Nevertheless, this highlights the problem of using a single lower limit of BMI for both sexes. More importantly, it serves to illustrate a sex difference in the limits of survival. Decrease in bodyweight is the most obvious observation during chronic energy deficiency. The loss of bodyweight represents the utilization of body tissues as Mean ± SD 29.4 ± 5.17 1.61 ± 0.06 11.28 ± 1.64 -*These references may be found in Henry (1990) .
an energy source. However, the relationship between energy deficit and weight loss is not a simple one. Several factors, such as degree of adiposity, level of hydration, sex of the individual, and P ratio (Henry et al. 1986 ) influence weight loss. Dugdale & Payne (1977) suggested that the fraction of energy stored as, or mobilized from, protein is constant for a given subject. They have defined this by the P ratio, which is calculated on the assumption that body protein is 16% nitrogen and has a metabolisable energy value of 16.7 kJ/g. Thus, P ratio can be calculated as:
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It has been shown that during starvation females lose less protein than males (Widdowson 1976; Henry 1984) and are better able to withstand food shortages (Widdowson 1976) . It was Chossat (1843) who first proposed that death would ensue when animals lost 40-50% of their bodyweight. Although this generalisation appears to be valid in human males, it appears not to be so for females. For example, the patients of Berkman et al. (1947) (Table 6 ) with anorexia nervosa lost up to 58% of their bodyweight and were all alive at the time of treatment. From an inspection of Fig. 1 , the general cutoff point in the BMI of around 13 divides survivors from nonsurvivors in males. This distinct cutoff point is not apparent in females (Fig. 2) . Females show a much larger variability in BMI, in both the survivors and the nonsurvivors. Moreover, the sex difference in the cut-off point is vividly illustrated.
Sex differences in human survival
Under normal conditions, requirements for nutrition are met by intermittent feeding. During starvation, however, nutrient needs are met by the breakdown of body stores. The results presented thus far clearly indicate that females are capable of withstanding greater weight loss during food deprivation than males. There may be several biological and physiological reasons for this difference. At any given bodyweight, females have greater fat stores than males. Differences between males and females in fatness levels during growth represent one of the clearest examples of human sexual dimorphism (Tanner 1978) . Fat, being an energy-dense material, is a rich source of metabolic fuel during starvation. It is available in greater amounts in the female. In addition, females appear to break down less protein or lean tissues (important for cellular integrity) during starvation than males (Widdowson 1976; Henry 1984) ; Table 7 illustrates this point. Thus, the pattern and site energy stored as protein total energy expenditure Meyer (1917) , who examined a male who died of starvation, commented: 'In the remaining remnants of the subpericardial fat, the cells are better preserved'. Although these statements should be interpreted with caution, they may illustrate a difference in the amount of residual fat that remained in males and females who died from starvation.
Conclusion
This paper has shown that body size (using BW as a proxy) may be used to define the limits of human survival. A BMI below 13 in males and 11 in females may be the lowest limit compatible with life. The variability in BMI seen between the sexes, and the ability of females to withstand a greater degree of food deprivation, may be due to the following reasons: (1) females have greater body stores of fat than males, and this can be used as a source of energy for a much longer period; (2) the contribution of fat energy to total energy expenditure is greater in the female, there being a greater conservation of protein; and (3) females appear to be better able to mobilize adipose tissue from most sites in the body than are males. These three factors appear to give females a biological advantage. It is clear that men and women respond differently to food deficits. It is hoped that this paper will stimulate further research in the biology of inanition.
The results presented here endorse the initial proposition of James et al. (1988) that a BMI of around 12 may be the lower limit for survival. Further refinements may need to be considered in view of the distinct sex difference in the lower limit of BMI. Nevertheless, it is clear that BMI may be a useful proxy indicator in defining CED. Much remains to be learned concerning the critical levels of BMI and bodyweight and its implica-tions for health and function. Although the desire to know more precisely the lower limit of survival in males and females may be more academic than practical, it nevertheless provides further support for the view that men and women respond differently to energy deficits.
